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The induced-activity investigations in off-line analysis performed in different experiments, con-
cerning pre-actinide and actinide nuclei, are here presented and discussed. Generalized expressions
for the determination of independent yields/cross sections of radioactive nuclei, formed in the targets,
are derived and analysed. The fragment mass distribution from 238U, 232Th and 181Ta photofission
at the bremsstrahlung end-point energies of 50 and 3500 MeV, and from 241Am, 238U and 237Np
fission induced by 660-MeV protons, are scrutinized from the point of view of the multimodal fission
approach. The results of these studies are hence compared with theoretical model calculations using
the CRISP code. A multimodal fission option has been added to this code, which allows to account
the contribution of symmetric and asymmetric (superasymmetric) fission to the total fission yield.
Moreover, this work contains the general results obtained in the analysis of the isomer ratios of
fission fragments from 238U and 232Th targets at the bremsstrahlung end-point energies of 50 and
3500 MeV. Moreover, the values of the average angular momenta of primary fragments are estimated
by using the statistical model calculation. We subsequently discuss the complex particle-induced
reaction, such as heavy-ions and deuterons, by using the thick-target thick-catcher technique and
the two-step vector model framework as well. This is accomplished in order to present the inves-
tigation of the main processes (fission, spallation and (multi)fragmentation) in intermediate- and
high-energy ranges of the incident particle. The set of experimental data, presented in this work,
encompasses not merely the data as total production cross sections. Notwithstanding, it further
covers other data, as individual yields/cross sections, charge, mass and spin distributions of the
reaction fragments, as well as kinematic features. These sources of experimental data can serve as a
consistent set of benchmarking data, still necessary for the study of heavy nuclei. Besides, it is also
useful for technological applications, from astrophysics and environmental sciences to accelerator
technology and accelerator-based nuclear waste transmutation and energy amplification as well.
PACS numbers: 25.40.Sc, 25.85.-w
1. Introduction
Fission and spallation play a prominent role in nuclear physics, presenting paramount importance in nuclear reac-
tions, being active fields of current investigation. Nuclear energy, for instance, which followed the discovery of fission,
has been of profound importance to mankind. Besides, fission and spallation are interesting as a large scale collective
motion of the nucleus, and they are important exit channels for many nuclear reactions as well.
Fission is a slow process with respect to nuclear timescales, involving the deformation of the nucleus. The dis-
integration of the nucleus into two fragments of similar masses is accompanied by a complete rearrangement of the
nuclear structure. The dynamical process that leads to fission determines the fragments features in the final states. A
plethora of experimental investigations, regarding mass and energy distributions of fragments in the fission of nuclei
from Pb to No [1], has confirmed the validity of the hypothesis on the existence of independent fission modes, as first
stated by Turkevich and Niday [2]. This hypothesis has been reinforced by theoretical works by Pashkevich [3] and
Brosa et al. [4]. These studies showed that multimodality of the mass and energy distributions of fission fragments
is due to the valley structure of the deformation potential energy surface of a fissioning nucleus. The properties of
fragments produced in the fission of actinide and pre-actinide nuclei provide important information concerning the
relationship among different fission components.
Spallation reactions, resulting from the interaction between high-energy projectiles and heavy target nuclei, can be
straightforwardly described. In fact, the nucleons from a target nucleus are spalled due to the bombardment of an
energetic nucleon, leaving behind fragments. Their mass and atomic numbers are smaller than the ones associated
to the target nucleus itself. Serber was the first one to come up with the theoretical description of the spallation
mechanism [5]. He proposed a two stage model, consisting of a intra-nuclear cascade (INC) followed by statistical
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2de-excitation. According to this framework, the first step is regarded in terms of collisions between the incident
particle and the individual nuclear particles – nucleon-nucleon collisions. After the INC, the residual nucleus is left
into an equilibrium state, wherein the excitation energy is shared by a large number of nucleons. If the excitation
energy is greater than the binding energy of particles, emission of nucleons and light fragments (α, d, t) and other
reaction channels — as evaporation, (multi)fragmentation and fission — are possible. Some of the nucleons ejected
during the spallation reactions have sufficient energy to induce further spallation reaction with neighboring nuclei
inside a thick target, leading to a multiplication of the emitted neutrons. It is therefore possible to produce intense
neutron fluxes from high energy beams. These fluxes could compete with reactor ones. Spallation reactions in heavy
elements are also particularly interesting, since the fission process provides a prominent competing reaction, which
can have effects on the cross sections of the other reactions.
In this study the main aim is to discuss the prominent features of spallation and fission reactions in the context
of the mechanism of interaction of intermediate- and high-energy projectiles with heavy nuclei. Some examples of
fundamental research on the dynamics of projectile-nucleus interaction will be presented. The determination of the
distribution in Z and A of the residual nuclei resulting from the interaction allows to estimate the contribution of
the different reaction channels such as evaporation, (multi)fragmentation and fission, the total reaction cross section.
Thereafter we will compare these contributions to previous investigations.
The nuclear fission and spallation phenomena have been studied by several methods and techniques, including
direct and inverse kinematics [6–12]. In these studies the basic mechanism, responsible for the development of various
processes that usually occur during the interaction between intermediate- and high-energy projectiles and heavy nuclei
targets, has been determined. Particularly, the experiments performed in inverse kinematics by Schmidt et al. [13]
represent the comprehensive study of the fission fragment charge distributions in a large variety of actinides and
pre-actinides.
On the other hand, the induced-activity method is a prominent and convenient tool to study the nuclear properties
of reaction residues, based upon the γ-ray spectroscopy. Measurements by the induced-activity method allow to
construct charge and mass distributions of reaction products, as well as to determine the main kinematic characteristics
of reaction fragments and to estimate their angular momenta.
The scientific interest of the results presented in this work is evinced by the main relevant data on numerous
studies of nucleon-nucleus and nucleus-nucleus interactions that have been previously obtained in the literature. The
investigations of the different reactions in various conditions of excitation can shed new light on the mechanism of
reactions, and the features of interactions of the distinct nucleons with the nucleus can be derived. The modification of
either the incident energy or the target nucleus (or both) leads to a very rich spectrum of phenomena that we present
here, which have to be described theoretically. The next argument to present the main results of investigations
is to provide conditions to understand how the mechanism of nucleon-nucleus and nucleus-nucleus interactions is
modified, into transitions toward more complex systems. The nuclear data for the production of residual nuclides
are basic quantities for the calculation of radioactive inventories of spallation targets in spallation neutron sources
and in accelerator-driven devices for energy amplification and for transmutation of nuclear waste. Finally, presenting
such results has a great importance for the model and code improvement as well. A reliable and comprehensive
experimental database for reactions should be extended by forthcoming further experimental investigations, in order
to allow benchmarking of new developed models.
2. Induced-activity method of data analysis
In off-line experiment, the target nucleus is initially excited by an incident beam of charged particles, photons,
neutrons or heavy-ions. Hence the induced target is displayed into a special hall for measurements. After irradiation,
both stable and radioactive nuclides are produced, being characterized by different half-lives and decay energies. High
resolution Ge γ-ray spectrometry plays a prominent role in the experiment. γ-ray spectrometry serves to identify
radionuclides and to measure their activities. It is thus necessary to identify the energies of all γ-rays of interest. The
analysis of the γ-spectra, the unambiguous identification of nuclides and the selection of activities used in the final
calculation of cross section turned out to be the most time-consuming step in the experiments. The identification
of the reaction products is conducted through the definition of the half-lives, energies and intensities of the nuclear
γ-transitions of the radioactive fragments [14]. Fig. 1 presents the γ-spectrum from the irradiated 232Th sample at
50 MeV bremsstrahlung photons, having measurement time of 30 h. The γ-peak areas are used to calculate the cross
sections of reaction products. A considerable amount of data has been obtained for nucleon-induced reactions on
different targets by using induced-activity method [12, 15]. The main goal of these studies was to provide a database
for model calculations of the production of cosmogenic nuclides in extraterrestrial matter by solar and galactic cosmic
ray protons [12, 15]. Therefore, the detailed subjects of such studies were dedicated mainly to measure of large amount
of excitation functions of the reaction residues. We derive in what follows the framework for determination of the
3nuclide production cross section used in our investigations.
The production of radioactive isotope is defined by the following differential equation:
dN
dt
= NpNnσ − λN, (1)
where λ is the decay constant, σ is the cross section of a given isotope (λ = ln 2/T1/2) (in 1/cm
2 units), N is the
number of the produced isotope, Np denotes the incident particle beam intensity (min
−1), and Nn stands for the
number of target nuclei (in 1/cm2 units).
This equation is easily solved if Np does not depend upon the irradiation time. In this case, the number of nuclei
formed during irradiation is determined by following equation:
N0(t1) =
NpNnσ
λ
(1− e−λt1), (2)
where t1 is the irradiation time.
If we denote by t2 the time of exposure between the end of the irradiation and the beginning of the measurement,
then the number of formed nuclei of an isotope under interest will decrease exponentially as:
N(t2) = N0(t1)e
−λt2 . (3)
Hence, the number decays ∆N during the time of measurement t3 reads
∆N = N0(t1)e
−λt2 −N0(t1)e−λ(t2+t3) = NpNnσ
λ
(1− e−λt1)e−λt2(1− e−λt3). (4)
From eq.(4) we can obtain the reaction fragment production cross section in the absence of a parent isotope – that
may contribute to the measured cross section via β±- decays – which usually considered as an independent cross
section (I) by using the following equation:
σ =
∆Nλ
NdNnkη(1− e−λt1)e−λt2(1− e−λt3) , (5)
Eq.(5) also takes into account the γ-ray detection efficiency (), the intensity of γ-transitions (η), the total coefficient
of γ-ray absorption, both in the target and the detector materials (k).
If the cross section of a given isotope includes a contribution from the β±-decay of neighboring unstable isobars,
the cross section calculation becomes more complicated (Diagram 1). In these cases, the measured number of isotope
atoms is considered as N = N (1) + N (2) + N (3), where N (1) is an independent cross section, defined by eq.(5), N (2)
is the number of nuclei formed by the decay of the parent isotopes during the time of irradiation, and N (3) is the
number of nuclei formed by the decay of the given isotopes after irradiation.
A
fAB - B
As a result, we obtain the following equation:
∆N(t3) = NpNnkη
[
σAfABλAλB
λB − λA
(
(1−e−λAt1)e−λAt2(1−e−λAt3)
λ2A
− (1−e
−λBt1)e−λBt2(1−e−λBt3)
λ2B
)
+σB
(1− e−λBt1)e−λBt2(1− e−λBt3)
λB
]
, (6)
where the subscripts A and B label variables referring to, respectively, the parent and the daughter nucleus; the
coefficient fAB specifies the fraction of A nuclei decaying to a B nucleus (fAB = 1, when the contribution from the
β-decay corresponds 100%); and (∆N) is the total photo-peak area associated with the decays of the daughter and
parent isotopes.
If the cross section of formation of the parent isotope is known from experimental data, or if it can be estimated on
the basis of other sources, hence the independent cross sections of daughter nuclei can be calculated by the relation
[16]:
σB =
λB
(1− e−λBt1)e−λBt2(1− e−λBt3) ×[
∆N
NpNn k  η
− σA fAB λA λB
λB − λA
(
(1− e−λAt1)e−λAt2(1− e−λAt3)
λ2A
− (1− e
−λBt1)e−λBt2(1− e−λBt3)
λ2B
)]
, (7)
4The effect of the precursor can be negligible in some limiting cases. Indeed, when either the half-life of the parent
nucleus is very long or when its contribution is very small. In the case where the parent and daughter isotopes can
not be experimentally separated, the calculated cross sections are classified as cumulative ones (C). It should be
mentioned that the use of the induced-activity method imposes several restrictions on the registration of the reaction
products. For example, it is not possible to measure stable and very short-living isotopes.
In our experiments, the irradiation time, t1, is usually chosen from a few minutes to several hours. The time t2
changes from various minutes to several months, and the time of measurements, t3, varies from various minutes to
several dozens of hours.
The target is consistently measured several times. The advantage of choosing the time by this scheme is that it
allows to measure with high precision and accuracy the cross section of reaction products within a wide range of
half-lives, from short-lived (dozens of minutes) to long ones. The reliability of the obtained data such as, for instance,
charge and mass distributions, strongly depends upon the number of independent cross sections measured in the
experiment. In such purpose, the formula that takes into account the β-decay feeding of two precursors, has been
elaborated.
Let us consider the scheme of three nuclei decay (or three different states of nuclei) (Diagram 2). For example, A
may represent isomeric state and B the ground state of the nucleus under study). After analogous assumptions we
will have [17]:
A
fAC - C
-
B
fAB
?
fB
C
-
-
∆N(t3)=NpNnkη
[
σAfAC
λC
λC − λA e(λA) + (σB + σA)fAB
λA
λA − λB
λC
λC − λB ×(
fBC + fABfBC
λC
λC − λB
(
1 +
λB
λB − λA
))
e(λB) +(
σC +
λB
λB − λC σB
(
fBC + fABfBC
λB
λB − λC
(
1 +
λA
λA − λB
))
+ σAfAC
λA
λA − λC
)
e(λC)
]
, (8)
where for simplicity we define:
e(λj) =
(1− e−λjt1)e−λjt2(1− e−λjt3)
λj
. (9)
Finally, one can obtain the formula of production cross section for C-nucleus:
σC =
1
e(λC)
[
∆N
NpNnkη
− σAfAC λC
λC − λA e(λA)− (σB + σA)fAB
λA
λA − λB
λC
λC − λB ×(
fBC + fABfBC
λC
λC − λB
(
1 +
λB
λB − λA
))
e(λB)
]
− λB
λB − λC σB
(
fBC + fABfBC
λB
λB − λC
(
1 +
λA
λA − λB
))
−σAfAC λA
λA − λC . (10)
The application of the induced-activity method allows to study the important features of the reaction in different
nuclei and in wide energy ranges, such as the charge, spin and mass distributions of the target residues, and kinematics
characteristics as well. It represents a straightforward method to measure the high-spin states of nuclides. Achieved
5results of the above mentioned method are very important for both theoretical and practical point of view. Moreover,
study of the light nuclei structure is very interesting from astrophysical aspects. On the other hand the induced-
activity method allows simultaneously to investigate such processes as fission, (multi)fragmentation and evaporation-
spallation. Thus, one can reconstruct the whole picture of interaction and investigate different reaction channels on
different target and in wide energy ranges.
3 Multimodal fission approach
The multimodal fission approach [4] is based on the assumption that experimental mass distributions are a super-
position of mass distributions of individual fission modes. These modes are produced by the valley structure of the
deformation potential energy surface. It is supposed that there are three distinct fission modes for the heavy nuclei
– symmetric (S) mode and two asymmetric modes – Standard 1 (S1) and Standard 2 (S2). S mode fragments are
strongly elongated with masses around Af/2, where Af is a mass of fissioning nucleus. The S1 mode is characterized
by high kinetic energies of fission fragments, spherical mass of heavy fragment AH ∼ 132− 134, charge ZH ∼ 50 and
number of neutron NH ∼ 82. Kinetic energies of S2 mode fragments are lower than those of S1 mode, heavy slightly
deformed fragments has mass AH ∼ 138− 140, influenced by the deformed proton shell ZH ∼ 52 and neutron shells
N ∼ 86− 88.
According to the model [4], the total mass-yield is obtained by the sum of the three Gaussian functions [18]:
σ(A) =
1√
2pi
[
K1AS
σ1AS
exp
(
− (A−AS −D1AS)
2
2σ21AS
)
+
K ′1AS
σ′1AS
exp
(
− (A−AS +D1AS)
2
2σ′21AS
)
+
K2AS
σ2AS
exp
(
− (A−AS −D2AS)
2
2σ22AS
)
+
K ′2AS
σ′2AS
exp
(
− (A−AS +D2AS)
2
2σ′22AS
)
+
KS
σS
exp
(
− (A−AS)
2
2σ2S
)]
,
(11)
where A is the fragment mass number; AS is the mean mass number, which determines the center of the Gaussian
functions; andKi, σi, andDi denote the contribution, dispersion and position parameters of the i
th Gaussian functions.
The indexes AS and S respectively designate the asymmetric and symmetric components.
3.1 Photo- and proton-induced fission mass distributions
Competition between symmetric and asymmetric fission is thought to be connected to shell effects in the deformed
nucleus. The presence of these shell structures leads to the existence of symmetric and asymmetric fission modes or
channels. The contribution of each fission mode that changes with excitation energy as well as shell effects fade with
higher excitation energy, leaving a nucleus which merely possesses a symmetric fission mode.
Using the electron beams obtained at the synchrophasotron of Yerevan Physics Institute we investigated the photofis-
sion reactions in 238U, 232Th and 181Ta targets at the bremsstrahlung end-point energies 50 and 3500 MeV. The
details of the measurements can be found in [19–21]. The measurements of radionuclides production yields allowed
to determine the distribution in Z and A of the residual nuclei resulting from the interaction. The yields of stable
and short-lived nuclei unmeasurable by induced-activity method, were estimated by using the approximation with
Gaussian functions for charge distributions [22]:
YA,Z =
YA
(Cpi)1/2
exp
(
− (Z − Zp)
2
C
)
, (12)
where YA,Z is the independent yield of the nuclide (Z,A). The values YA (the total chain yield for given mass
number A), Zp (the most probable charge for Z distribution isobars for mass chain A) and C (the width parameter
of distribution) were considered as a free parameters.
The relative contributions of symmetric and asymmetric channels could be quite different for different fissioning
nuclei. Fission is well known to be predominantly symmetric for pre-actinides with A ≤ 227 and for heavy actinides
with A ≥ 257. However, for actinides 227 < A < 257, fission is a mixture of two channels (asymmetric and symmetric).
Furthermore, the standard channel splits into S1 and S2 channels [18]. The mass distributions obtained during the
fitting procedure for 238U, 232Th and 181Ta at end-point energy Eγmax = 50 MeV are plotted in figs. 2-7. In the case
regarding 50 MeV, the mass-yield for 238U, 232Th targets were decomposed in assumption of mixture distribution, for
181Ta target the representation has agreed with the assumption of a symmetric mass distribution.
In the analysis of experiments with bremsstrahlung beam, the latter has a continuous spectrum. Hence, the
measurements at high energy include also low-energy photons. Taking into account such aspect, to the decomposition
6of mass-yield at Eγmax = 3500 MeV for
238U, 232Th targets, we added two additional components, one symmetric
and one asymmetric (figs. 5, 6). Integrating over the Gaussian and multiplying by a factor 1/2, due to the two fission
fragments in each fission event, it gives an estimate for the total fission yield for each target. The values for the total
fission yield (Ytot), determined in this way, together with the contribution of symmetric (YS) and asymmetric (YAS)
fission to the total mass-yield as well as the values of the asymmetric-to-symmetric ratios (YAS/YS) are given in table
1.
The decomposition of the mass-yield distribution for 238U, 232Th targets allowed to extract the yields of an asym-
metric component at intermediate energies, from 50 MeV to 3500 MeV, for 238U (YAS = 49.8 ± 7.47 mb/eq.q.) and
232Th (YAS = 27.3 ± 4.1 mb/eq.q.) targets. From the data obtained it follows that the asymmetric component is
stronger in the case of 238U. The presence of an asymmetric component in this energy range may be due to the
low-energy photons of bremsstrahlung spectrum. Comparison of the symmetric fission contribution in energy range
from 50 MeV to 3500 MeV showed, that this mode is greater for 232Th (YS = 70 ± 10.5 mb/eq.q.) than for 238U
(YS = 68.7± 10.3 mb/eq.q.). One can observe the clearly manifested growth of symmetric fission, when consider the
relative contribution of this component to the total fission yield (YS/Ytot, %) in energy range 50-3500 MeV: for
238U
this value is 58%, and for the 232Th it corresponds to 72%.
The increment of the symmetric fission contribution with increasing energy of the projectile can be caused due to
several factors. On the one hand, an increment of the incident energy increases excitation energy of the fissioning
nuclei [23, 24], and hence the contribution symmetric binary nuclear decay increases. While the contribution of low-
energy fission essentially asymmetric in nature. From another hand, because of the particle evaporation process that
takes place before fission, a set of various fissioning nuclides exists. Each of them has its own fission characteristics,
excitation energy and angular momentum distributions. The symmetric component increases with excitation energy,
which is coupled to an increment of neutron evaporation resulting in a larger contribution of the neutron deficient
nuclides with a higher fissility parameter. The excitation energy for which symmetric fission starts to contribute
gives rise to an amount of evaporated nucleons, corresponding to a certain neutron deficient nuclei. These nuclei are
responsible for the symmetric contribution growth.
The systematization of symmetric and asymmetric fission cross sections in a wide range of nuclei collected in [25, 26]
showed that it is possible to use the empirical expression for estimation the probability of different fission modes. In
order to characterize this factor quantitatively, the authors introduced a critical value of the fissility parameter in the
following form:
(Z2/A)cr. = 35.5 + 0.4(Z − 90), (13)
where Z is a charge of the fissioning nucleus and A is mass of fissioning nucleus. According to [25, 26], for the nuclei
with Z2/A values greater than the critical value, the symmetric fission mode was dominant. However, at smaller
values of the fissility parameter, the main fission channel leads to an asymmetric fragment distribution. The larger
contribution of symmetric fission for 232Th than for 238U at high energies one can explain by larger contribution of
neutron deficient fissioning systems with high excitation energies.
The prediction of the multimode-fission model has been used for the first time to analyze the mass distributions of
fragments originating from 241Am, 238U and 237Np targets irradiated by 660-MeV protons [27, 28] (figures 8-10). The
determination of fundamental properties of individual components of the mass distribution and the contributions of
these components as well has made it possible to establish a dominant role of the symmetric fission mode (table 2)
at this energy range. Since the neutrons and protons numbers are almost the same for 241Am and 237Np, the relative
fractions of the different fission components are similar. In our measurements the mean masses of the fissioning
nuclei at a given proton energy were obtained Af = 227, Zf = 95 (Z
2/A = 39.76 for 241Am); Af = 227, Zf = 92
(Z2/A = 37.29 for 238U); Af = 223.4, Zf = 93 (Z
2/A = 38.72 for 237Np), where Af and Zf are the mass and
the charge of the fissioning nucleus, respectively. According to the criterion (13), the difference between Z2/A and
(Z2/A)cr. is greater for
241Am and 237Np nuclei. Therefore symmetric fission in these nuclides is expressed stronger
than for 238U. The presence of the asymmetric fission component may be attributed to a broad mass and excitation
energy distributions of fissioning nuclei.
In the above mentioned photo- and proton-induced fission reactions, we estimated the fissility of actinides under
study. The fissility (D) is defined as the ratio of total fission cross section (σtot) and the total inelastic cross section
(σin). The total fission cross sections were determined by using a fitting based on eq. (11), and the total inelastic
cross section values were estimated using cascade-evaporation model [29]. Fig. 11 shows the fissility for 241Am, 238U,
237Np and 232Th targets from data for photo- and proton-induced fission [19, 20, 27, 28], as a function of the fissility
parameter (Z2/A) of the fissioning nucleus. From fig. 11 one can see that the fission probability increases while going
to the higher values of the fissility parameter: the fissility of the heavier element is higher. All fissility values for the
targets studied in the case of fission induced by protons and photons at different energies are still below unit. This
fact indicates a saturation of the fission probability for heavy nuclei at intermediate energy range. Moreover, for 238U
target the fissility has the same value in both photo- and proton-induced fission reactions.
7The dependence of fissility of 241Am, 238U, 237Np and 232Th targets for photo- and proton-induced fission [19, 20,
27, 28] on excitation energy of fissioning nucleus are shown on fig. 12 together with experimental data of different
probes and calculations from [30]. The excitation energy values for the reactions under study have been taken from
[29, 31]. In [30] a semi-empirical approach for the fission probability of neutron-, proton- and photon-induced fission
in the energy range from several tens of MeV to 3 GeV has been proposed. As can be realized from fig. 12, regarding
data from different experiments obtained in reactions with proton, neutrons, and photons, the data respective to our
work is in satisfactory agreement. This fact confirms the universal mechanism of nuclear fission, which depends on
the excitation energy as well as upon mass and charge characteristics of the fissioning nucleus and does not depend
on the type of projectile.
3.2 CRISP code calculation for actinide targets.
Our investigation has been devoted to the analysis of the experimental results obtained in photo- and proton-
induced reactions with actinides [32–34] using the simulation code CRISP [35]. CRISP is a Monte Carlo code for
simulating nuclear reactions, where the reactions proceed in the two stages: the intranuclear cascade (MCMC code)
and the evaporation/fission process (MCEF code). CRISP code calculated spallation yields and neutron multiplicities
for reactions induced by high-energy protons, as well as has already been used in studies of the Accelerator Driving
System (ADS) nuclear reactors [36–42].
The main feature of the intranuclear cascade calculation with CRISP is the multicollisional approach [43, 44] where
the full nuclear dynamics is considered in each step of the cascade. In this process the nucleus is modelled by an infinite
square-potential which determines the level structure for protons and neutrons. The effects of the nuclear potential
are present in the transmission of the particles through the nuclear surface or through an effective mass according to
the Walecka mean field approximation [45]. One important feature of the code, in simulating the intranuclear cascade,
is the Pauli blocking mechanism, which avoids violation of the Pauli principle. In the CRISP code a strict verification
of this principle is performed at each step of the cascade, resulting in a more realistic simulation of the process. After
nuclear thermalization, the competition between fission and evaporation processes, which includes neutrons, protons
and α-particles, is determined by the ratios between their respective widths according to the Weisskopf model for
evaporation and to the Bohr-Wheeler model for fission. These ratios are given by:
Γp
Γn
=
Ep
En
exp
{
2
[
(apEp)
1/2 − (anEn)1/2
]}
, (14)
and
Γα
Γn
=
2Eα
En
exp
{
2
[
(aαEα)
1/2 − (anEn)1/2
]}
. (15)
for evaporation and by
Γf
Γn
= Kf exp
{
2
[
(afEf )
1/2 − (anEn)1/2
]}
, (16)
where,
Kf = K0an
[
2(afEf )
1/2 − 1]
(4A2/3afEn)
, (17)
for fission. The parameters ai stand for the density levels calculated by Dostrovsky’s parametrization [46] and Ei is
given by
En = E −Bn,
Ep = E −Bp − Vp,
Eα = E −Bα − Vα
Ef = E −Bf .
(18)
where Bn, Bp and Bα are the separation energies for neutrons, protons and alphas, respectively, and Bf is the fission
barrier. Vi stands for the Coulomb potential. At each n
th step of the evaporation, the excitation energy of the
compound nucleus is modified by
En = En−1 −B − V − ε, (19)
8where ε denotes the kinetic energy of the emitted particle. It should be noted that the CRISP does not describe the
(multi)fragmentation process of nuclei at the current stage of calculation, however the initial work of implementation
is already in the progress.
The fission process has been successfully described by the multimodal fission approach (it also called as random
neck rupture model (MM-RNRM)) [4], based on the collective effects of nuclear deformation during fission via a
liquid-drop model and takes into account a single-particle effects via microscopic shell model corrections. CRISP code
was then adapted to consider the multimodal approach by using the eq.(11). Considering the different channels of
fission, CRISP reproduced different aspects of photo- and proton-induced fission as the spectrum of fissioning nuclei,
charge- and mass-distribution of the fission fragments, calculate the fissility values for actinides under study. The
calculation by CRISP allowed us also to distinguish the pre- and post-scission neutrons, and compare this values with
experimental values of total neutrons emission.
The results from CRISP together with experimental isobaric distribution for photo- and proton-induced fission
reactions in actinide targets are shown in figs. 13 and 14, respectively [32, 33]. Qualitatively, the agreement between
the calculation and the experimental data is fairly good for both type of reactions. Such agreement is clearly shown
for low energies photons (fig. 13 (a, b)), where the calculations reproduce the experimental features quite well.
At bremsstrahlung energy 3500 MeV the discrepancy becomes larger. The reason of it could be explained by the
continuous character of bremsstrahlung spectrum due to influence of low-energy part. However, in the case of Th we
can see more realistic calculations even at high energy of photons. For proton-induced fission (fig. 14), the calculations
reproduce the shape of the experimental distributions: position and width of the peaks for symmetric and asymmetric
modes are in fair agreement with the experimental data. However, the calculated distributions by CRISP code are
systematically below the data for 241Am and 237Np targets, indicating that the calculations of total fission cross
sections underestimate the experimental ones.
Another very interesting phenomenon of fission, that has been confirmed by CRISP calculation, is the presence
of superasymmetric binary fission in 238U and 237Np targets at proton energy 660 MeV [34]. We have applied the
induced-activity method to identify unambiguously in general 115 isotopes as a intermediate-mass fragment (IMF)
in the mass range 7 ≤ A ≤ 69 u. There is a consideration that the formed nuclides could be produced in a very
asymmetric binary decay of heavy nuclei originating from the spallation of heavy targets.
The IMFs, i.e. particles heavier than helium isotopes but lighter than fission residues, appear as reaction products
for all target nuclei. As it was discussed in [47], IMFs was observed in the binary decay of a compound nucleus
includes fission and evaporation with a natural transition in between, may appear from the first reaction stage excited
sufficiently high residual, and it might be called fission in a generalized sense. One of the possible ways of the origin
of IMFs is that they represent the products of the fission of a species with A ∼ 120−130 u [48]. Or, for instance, deep
spallation may be accompanied not only by emission of nucleons and light charge particles but emission of IMFs. An
alternative explanation of the origin of the products with A = 30 − 70 u was suggested by the intranuclear cascade
model [49], according which these fragments are the result of the fission of species with A ∼ 185 u that are highly
excited. The resulting fission fragments evaporate copious numbers of nucleons resulting in a final fragment mass
number A ∼ 30 − 70 u. The main characteristics of the IMFs production process is dependence upon the size of
nuclear system in the wide range of the target nuclei from Au to Al at 1 GeV proton energy were investigated in [50].
We conclude that intermediate mass fragments produce mainly as a result of the binary decay of the excited nuclei
produced at the first stage of the collisions and the contribution of the (multi)fragmentation process for all targets is
small.
To take into account the possibility of a superasymmetric fission, we included the additional asymmetric mode, S3,
to the CRISP code, which can be described by the usual Gaussian shape from MM-NRM. In fig. 15 (a, b) the results
of CRISP calculations for 238U and 237Np are shown by solid line. The squares denote the experimental values that
are corrected using the isobaric chain cross sections determined with the charge distribution from the fit.
The calculations not only give a schematic description of reality, but they enable us to improve the data from previous
calculations [33] and estimate the part of the fission cross section originating from symmetric and asymmetric fission
modes. The superasymmetric mode contributes with 0.6% and 1.2% of the total fission cross section for the 238U and
237Np targets, respectively. The most striking feature of the superasymmetric mode is the mass number gap around
A = 60 u with respect to the symmetric fragment for both fissioning nuclei. During the calculation, the positions of
the heavy (AS +D3AS = AH) and light (AS−D3AS = AL) peaks of the S3 mode have been defined on the mass scale.
These quantities are 170.5 u and 56.5 u for 238U target and 173.7 u and 49.7 u for 237Np target. Thus, we obtain the
masses of the fissioning nuclei Af = 227 u and Af = 223.4 u in the case of
238U and 237Np targets, respectively, e.g.
the same masses which have been obtained in our previous experiments for binary fission [27, 28]. Hence, the results of
calculations confirm that IMFs at intermediate energies are formed predominantly through a binary process. It may
be concluded that, at the current stage of knowledge, the experimental signatures in the reactions of this work are
consistent with the binary decay of a fully equilibrated compound nucleus. The binary decay of a compound nucleus
includes fission and evaporation with a natural transition in between, and it might be called fission in a generalized
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3.3 Isomer ratios and angular momentum of the reaction products
The population of the ground (σg) and metastable (σm) states of a nucleus depends upon the angular momentum
in the entrance channel of the reaction, the excitation energy of the residual nucleus, and the type of particles
emitted during its de-excitation. The study of the angular momenta of the reaction fragments can provide insight
into an information about the configuration of the nuclear system at high excitation. The information about the
primary angular momenta of the fragments can be obtained from the measurements of independent isomer ratios
of the reaction products. Thus, the isomer ratio can be used to investigate collective rotational degrees of scission
configuration. Usually, such measurements are based on the cross section ratio of high-spin (Ih) state to low-spin
(Il) state (isomer ratios, IR = σ(Ih)/σ(Il)). The results of the measurements represent the overall effect of several
processes. It is known that de-excitation of the heavy nucleus produced from the primary interaction take place via
emission of particles, mainly neutrons or fission. These processes proceed successively in several stages depending
on the excitation energy and at each step the reaction remnant can undergo fission or emit neutron [51]. Therefore,
the primary fission fragment originated from the different fissioning nuclei have a wide range spectrum of angular
momenta and excitation energy. De-excitation of primary fragments proceed by evaporation of neutrons and emission
a cascade of γ-quanta until populating of the final states with different spin values. Neutrons and γ-quanta take
certain angular momentum and energy, changing thus the initial distribution of primary fragments. The majority of
fragments are produced in states with angular momenta higher than the spin of the fissioning nuclei. It is usually
assumed that the deformation of fission fragments caused by twisting and bending is the source of generation of high
angular momenta [52, 53].
The effect of the excitation energy on the probability of product formation in different spin states may be displayed
in two ways. First, the spin of the primary fission fragment increases with the increase of excitation energy due
to contribution of higher degrees of freedom into the collective motion; second, the difference in the excitation
energy causes the difference in the de-excitation process, so during the evaporation of neutrons and γ-quanta a broad
distribution is obtained for fragments with higher excitation energy.
The isomer ratio can be derived from formula, which involves the ratio of the areas under the peaks of measured
γ-transitions [54, 55]:
σm
σg
=
[
λg(1− eλmt1)eλmt2(1− eλmt3)
λg(1− eλmt1)eλmt2(1− eλmt3) ×
(
kmNgηmm
kgNmηgg
− p λg
λg − λm
)
+ p
λm
λg − λm
]−1
, (20)
Here, N is the area under the photopeak with energy Eγ . The subscripts m and g label variables referring to the
metastable and the ground states, respectively.
The average initial angular momentum of the reaction remnant is deduced from the measured cross sections of
isomer by calculations based upon the concepts of the statistical model. The formalism of these calculations was
introduced by Huizenga and Vandenbosch [56] for the calculation of isomeric ratios in spallation reactions where the
angular momentum distribution of the nuclei can be calculated. The model considers successive neutrons and γ-rays
emission from the primary fission fragments, leading to the final distribution in the population of high- and low-spin
states. The main element in this calculation is the nuclear level density of the spin distribution, which is proportional
to the probability of the population the nuclear states.
The probability distribution of initial angular momentum is assumed to be represented by following formula:
P (Ji) ∼ (2Ji + 1) exp[−Ji(Ji + 1)/B2], (21)
where P (Ji) is the probability of the primary fragment formation with spin value J , and B is a parameter which
defines the width of the spin distribution. The root-mean-square angular momentum (J¯2)1/2 of the primary product
is equal to B for large values of J :
(J¯2)1/2 ∼= B. (22)
The effective excitation energy of residual nucleus after emission of nucleon E∗eff is calculated using the following
expression:
E∗eff = E
∗ − ECoul − Ep − EKE (23)
where ECoul is the Coulomb barrier for the emitted proton, Ep is the binding energy of a nucleon inside a nucleus,
and EKE is the mean kinetic energy of nucleon.
10
According to the evaporation model nucleons are emitted by the excited nucleus with a mean energy EKE = 2T ,
where T is the nuclear temperature determined by the expression [57]:
aT 2 − 4T = E∗eff , (24)
where parameter a is the level-density parameter (a = A/10 MeV−1).
At the stage of the process involving the cascade of γ-transitions eventually leading to the metastable or the ground
state, the density of the nuclear level spin distribution determines the probability of population of intermediate nuclear
states. In the calculations, we use the spin part of the Bethe-Bloch formula given by:
P (J) ∼ (2J + 1) exp[−(J + 0.5)2/2σ2], (25)
where P (J) is the probability distribution of levels with spin J and σ is the spin cutoff parameter which characterizes
the angular momentum distribution of the level density and is related to the moment of inertia and the temperature
of the excited nucleus, being given by σ2 = 0.00889
√
aE∗effA
2/3.
The average energy and number of γ-rays emitted from the nucleus of initial excitation energy E∗eff can be estimated
by means of the formula [58]:
E¯γ = 4
(
E∗eff
a
− 5
a2
)1/2
. (26)
The energy of emitted γ-ray is determined by using of eq.(18) and the value of E∗eff at each stage of calculation.
During calculations we used both dipole E1 and quadrupole E2 multipolity of γ-transitions. However, it was shown
in [59] the relative share of the quadrupole transitions in the de-excitation process does not exceed 10%. The excitation
energy E∗eff and, accordingly, the energy Eγ of emitted photons are determined at each stage of the cascade. The last
level from which the population of the ground or the isomeric state occurs is characterized by an excitation energy
not higher than 2 MeV.
In fig. 16 we represent experimental values of IRs obtained in photofission of 238U and 232Th at end-point energy
from Eγmax = 50 MeV and 3500 MeV [60]. One can see from the figure the general increase of IRs with fragment
mass number A. This fact can be related to the excitation energy of fission fragments [53]. The total excitation energy
released in fission is well known to be assumed proportional to the fragment mass. The heavier the fragment mass,
the higher the excitation energy resulting from the statistical sharing of the total excitation energy gained by the
fissioning nucleus. The only irregularity is in the mass range of A ∼ 131− 132 u, which can be explained by influence
of neutron shell effect close to neutron number N = 82 with low deformation, low excitation energy and thereby, the
low probability of the formation in the high-spin state [61].
From fig. 16 it is also apparent that at the increase in yields of fission fragments with the increase in the incident
energy, IRs do not practically increase, although all measurements indicate a relative increase in IRs within the
accuracy of ∼ 10%. Influence of the increment in the excitation energy and angular momentum of the fissioning
nuclei on the value of IRs of the final products has been studies in a number of works in the energy range 10–500 MeV
of incident protons [53, 62–65], neutrons with the energy up to 14 MeV [66, 67], and α-particles with the energies
26–42 MeV [59, 68]. The results of the experiments are contradictory. In fact, along with the statement that IR
dependence on the excitation energy is weak [62–65], there are data indicating the inverse effect [53, 59, 66–68]. The
isomers ratios reported in [65] for fission of Ta by 100–500 MeV protons do practically not depend on the incident
energy. The authors [65] explain this fact by saturation of the population of high-spin states of the fragments and by
the competition of various channels at the pre-equilibrium stage of the reaction.
In table 3 we represent experimental and calculated values of IRs together with the angular momentum (B¯),
determined by using eqs. (21)-(26) and based on the measured IRs, obtained in photofission of 238U and 232Th at
end-point energy from Eγmax = 50 MeV [60]. The data of IRs from our work agrees to the results of measurements
performed for fission of uranium targets by low-energy photons and thermal neutrons [31, 52, 59]. Isomer ratios and the
average angular momenta of fragments in the fission with fast neutrons, protons, and α-particles are relatively higher
[53, 59, 62–64, 66]. It is explained by the influence of angular momentum of the projectile on the spin distribution of
the primary fragments. As it was proved by the cascade-evaporation calculation results [69], the forward momentum
transmitted to the nucleus at intermediate energy range is higher in the case of proton-, neutron- and α-induced
reaction, compared with the photonuclear reactions.
4 Investigation of complex particle-induced reactions
The study of nucleus-nucleus collisions is a source of experimental data, which are extremely important for scientific
and technological application. There are multiple questions addressed in the context of e.g., design of accelerator driven
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systems of energy amplification and nuclear waste utilization, astrophysical studies, radiological safety, which cannot be
answered without knowledge of collision cross section. Experimental data for heavy-ion-induced fission is of particular
interest as the knowledge obtained in such experiments can give us the information about the variation of fission
cross section and fissility with angular momentum transferred in the entrance channel of reaction for nucleon- and
heavy-ion-induced fission. According to the classical rotating-liquid-drop model (RLDM) [70] and various theoretical
models, involved different macroscopic and microscopic aspects of excited high-spin nuclear matter [71–74], the fission
barrier height should decrease monotonically, and eventually vanishes with increasing angular momentum.
Nuclear recoil experiments provide in addition valuable information, such as angular distributions and kinetic
energies of product nuclei as well. Furthermore it deepens our understanding about the reaction mechanism. One
of the simplest recoil experiments is accomplished by the thick-target thick-catcher method. It has been extensively
applied to studies of hadron-induced reactions on various targets over a wide range of incident particle energy [75, 76].
The measurements regarding recoil nuclei were transformed into kinematic quantities using the two-step vector
model of high energy nuclear reactions [76]. According to [76], the first reaction stage involves the formation of a
residual cascade nucleus having an excitation energy E∗ and a velocity ~v (or the momentum ~p) along the beam axis.
It is assumed that, at the second reaction stage, there occurs the evaporation of nucleons and light nuclei, with the
result that the nucleus in question acquires an additional velocity ~V . Thus, the velocity ~Vl, of a recoil nuclide in
the laboratory system is taken to be the sum of two vectors ~Vl = ~v + ~V . The velocity vector ~v results from the
fast projectile-target interaction (the “abrasion” step of the abrasion – ablation model), while the velocity vector ~V ,
assumed to be isotropic in the moving system, results from the slow de-excitation of the excited primary fragment
(the “ablation step”). The vector ~v is assumed to be constant while the values of the vector ~V are assumed to have a
Maxwellian distribution. No correlation is assumed to exist between the two vectors. The vector ~v can be decomposed
into its two orthogonal components: parallel and perpendicular to the beam (v‖ and v⊥).
According to the model it was assumed that: (1) there is no correlation between the velocity ~v of the excited
nucleus and ~V ; (2) the angular distribution of fragments in the moving frame is isotropic; (3) the mean range in the
laboratory system is proportional to the fragment speed; (4) v⊥ is zero.
The results of these measurements are the fractions of each nuclide which have recoiled out of a target in the forward
and backward direction, namely
F = SF /(SF + SB + ST ), B = SB/(SF + SB + ST ), (27)
where SF , SB , and ST are the photopeak areas associated with the products under study in the catch foils and in
the target. The resulting data were used to calculate the forward-backward (F/B) anisotropy of product emission
and the ranges in the target material (R).
The mathematical formalism developed in [76] makes it possible to calculate, on the basis of experimental results
for F and B, parameters that characterize the first (v‖, E∗) and the second (R and T ) stage of the interaction, where
T is the kinetic energy of a fragment and E∗ is mean excitation energy of the residual cascade nucleus.
In converting product ranges into kinetic energies, one can use the range – energy tables of Northcliffe and Schlling
[77]. In order to transform the ranges into the kinetic energy of the reaction products, the relation from [76] was used:
R = kTN/2 (28)
where parameters k and N are obtained by fitting the range dependence on energy of accelerated ions [76].
For the value of η‖(= v‖/V , the ratio of the parallel component of the cascade velocity to the second-step velocity),
we have used η‖ as derived from integrating our angular distributions, where
η‖ = v‖/V = [(F/B)1/2 − 1]/[(F/B)1/2 + 1] (29)
The relative linear momentum transfer p‖/pCN , where pCN is the momentum of a hypothetical compound nucleus
formed in a complete fusion, is the main feature that can be considered as the sign of a complete or an incomplete
fusion. The mean excitation energy of the residual cascade nucleus (E∗) can be estimated by using the relation [78]:
E∗/ECN = 0.8p‖/pCN , (30)
where ECN is the excitation energy of a hypothetical compound nucleus formed by fusion of the projectile and the
target nucleus.
We measured the cross sections for the binary fission of natPb induced by 7Li ions at bombarding energy of 245
MeV [79, 80]. The recoil technique, using thick targets and thick catchers, combined with a mathematical formalism
based on the two-step model, permitted us to determine the kinematic characteristics of the reaction products.
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The experimental isobaric cross sections of fission fragment formed by interaction of 7Li-ions with natural lead at
245 MeV together with the fit, which assumes symmetric fission mode, are presented in fig. 17. The total fission cross
section in this work was found to be 604.74 ± 90.71. This value exceeds the fission cross section for proton-induced
fission at the same energy of projectile. Comparison the ratio at the same excitation energy for the fission cross
sections by Li-ions and protons gives a factor 5–6 [81]. The average value of the linear momentum transferred divided
by the full momentum transferred to the target obtained in the present study is p‖/pCN = 0.46 ± 0.09. Our data
confirms that a complete fusion is not the dominant process at the energy regarded. In this intermediate energy
region, the complete fusion process is partially replaced by other processes. We can assert that only approximately
40% of the fission channel at this energy can result from complete fusion. The remained momentum transferred could
be connected to incomplete fusion, or a significant pre-equilibrium contribution of the emission of nucleons or light
nuclei. We estimated the average angular momentum imparted into fissile system. At energies above the barrier, the
formula for calculation the average angular momentum, < ` >, was taken from [73]:
< ` >=
2
3
√
2µR2(Ec.m. − VCB)
}2
. (31)
Here, R is the maximum distance between two nuclei at which the collision leads to a reaction, µ is the reduced mass
and VCB = (Z1Z2e
2)/R is the Coulomb energy of the system at distance R; Ec.m. is at the center-of-mass bombarding
energy. The distance R, calculated on the base of experimental total reaction cross sections [73], expressed as a function
of interactive fragment masses A1 and A2:
R = 1.36(A
1/3
1 +A
1/3
2 ) + 0.5fm. (32)
In our case, the average angular momentum is estimated to be about < ` >= 55 − 60}. The interval is due to the
fact that the spin distribution is not a sharp cutoff.
Calculated fission-barrier heights as a function of angular momentum have shown a lowering of the fission barriers
with increasing of angular momentum from zero value [71–74]. It can be seen that fission is expected to play a
significant role only above 50 ~ [70, 82], when the fission barrier has dropped to about half of the value it has at
zero angular momentum. It was stressed out that the dependence can be neglected in the case of nucleon-nucleus
interaction at intermediate energies. This is due to only a small angular momentum (of only a few ~) being imparted
to the nucleus by incident nucleons in the energy region under study. Meanwhile, it becomes important for higher
momentum values for heavy-ion-induced reactions. Comparison with proton-induced fission show that the linear
momentum transferred to the fissile system depends on the nature of projectile. This fact demonstrates that fissile
systems are formed at intermediate energy with high angular momentum. This might be the explanation for the high
value of the fission cross section for heavy-ion-induced fission.
Spallation reactions with Au target have been investigated in the interaction of 4.4-GeV deuterons [83, 84]. Inves-
tigation of deuteron-nucleus collisions is important since deuteron represents itself a weakly bounded system. And
during interaction with heavy nucleus the difference between whole nucleus and distinct nucleons can be derived.
In the case of the gold target a wealth of data has been accumulated about the individual nuclide production
cross section from nucleon-nucleus interaction at energies from thresholds up to 2.6 GeV [12, 15]. In spite of these
studies cover a wider range of energies, they are restricted by the determination of excitation functions of the reaction
products.
The data on the isotopic distributions of residual nuclei produced in proton-induced reactions on 179Au at 800
MeV have been obtained at the FRS at GSI [11, 85] and satisfactory theoretical interpretations of those data have
been published [86]. We present additional valuable information based on the induced-activity method which has
importance for the models and codes improvement. In our investigation [83, 84] we presented a comprehensive work,
passing from nucleon to heavier deuteron projectile and to higher energies compared with 2.6 GeV. Application of
the thick-target thick-catcher technique for determination of the main kinematic features of the reaction fragments as
well as determination its charge and mass distributions, allowed to deep investigate the mechanism of each channel
of the reaction and to reconstruct the whole picture of interaction at high energies.
As a result of the measurements it was obtained 110 radioactive nuclide cross sections with mass number 22 ≤ A ≤
198 u. In the present work the analysis of the charge distributions were obtained as the function from [87]:
σ(Z,A) = σ(A) exp
(
−R ∣∣Z − SA+ TA2∣∣3/2) , (33)
where σ(Z,A) is the independent cross section for a given nuclide production with atomic charge Z and a mass number
A; σ(A) is the total isobaric cross section of the mass chain A. The parameter R defines the width parameter of the
charge distribution and parameters S and T define the most probable charge (Zp) for a given isobar chain A.
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The mass-yield obtained in this manner is shown as the solid squares in fig. 18. The smooth curve on the fig.
18 indicates the best fit for the mass number 40 ≤ A ≤ 198 u based on the experimental data depended on the
contribution from different process such as evaporation, fission and (multi)fragmentation. From fig. 18 one can see
almost no clear-cut distinction between spallation and fission mass ranges. Integration of the mass-yield curves over
mass number gives the cross section for the production of reaction residues 2.20± 0.44 b.
We can assume that a few sources having different excitations can take part in the formation of residual nuclei: the
heaviest fragments (A ≥ 130 u) result of spallation-evaporation mechanism; the lightest fragments (A < 40 u) can be
produced in a asymmetric fission and (multi)fragmentation processes [88, 89]. In the mass region 120 ≤ A ≤ 150 u
we can espect existence of all processes, such as fission, (multi)fragmentation and spallation-evaporation [90].
In our study the hard sphere model [91] for nucleus-nuclear interactions was used in order to obtain impact parameter
of the collision. This model refers to the overlap of the two sharp spheres forms of interacting nuclei and the total
reaction cross section is presented in terms of a two-parameters expression:
σR = pir
2
0(A
1/3
T +A
1/3
p − bTp)2fm2, (34)
where AT and Ap are the mass numbers of the target and projectile nuclei, respectively; r0, is the constant of
proportionality in the expression of geometrical nuclear radius ri = r0A
1/3
i and bTp is the overlap parameter. Putting
the value of the experimental determined total reaction cross section in expression (34) and calculate the value for
bTp, the impact parameter b can be estimated using relation:
b = r0(A
1/3
T +A
1/3
p − bTp)fm, (35)
From estimated overlap parameter bTp = 0.97 fm in the present experiment the mean value of the impact parameter b
equals to 8.37 fm was obtained. Since the value of impact parameter lies in the range 1/2(Rp +RT ) ≤ b ≤ (Rp +RT )
[92], we can conclude that the collision is peripheral in most cases. (It can be suggested that in peripheral collisions
at large impact parameter the probability of the whole deuteron interaction is very low.) Some kinematic features as
the F/B values and the recoil parameter 2W (F +B) (W is the thickness of the target), which is the mean recoil range
of the products, can be measured directly. Others, as the excitation energies (E∗) of the residual cascade nuclei and
the longitudinal cascade velocities of the reaction residues (v‖) can be estimated on the base of the two-step vector
model of high energy nuclear reactions [76].
The longitudinal velocity (v‖) for the recoiling nuclei are plotted in fig. 19. The presence of a plateau at a wide
range of fragment masses can be explained as a possible saturation of the energy-momentum transfer. Our data follow
well the general tendency of values for protons [93]. This behavior suggests that a similar process is taking place after
the first step for reactions induced by different kinds of incident particles
The value of the longitudinal velocity (v‖) may be used to determine the average cascade deposition energy (exci-
tation energy, E∗) as follows [94]:
E∗ = 3.253× 10−2k′Atv‖[Tp/(Tp + 2)]0.5, (36)
where E∗ and the bombarding energy Tp are expressed in terms of mpc2. At is the target mass and v‖ is in units of
(MeV/u)0.5. The constant k′ has been evaluated by Scheidemann and Porile [94] based upon Monte Carlo cascade
calculations as k
′
= 0.8. The mean excitation energies for the different product mass ranges are: 1416.0± 283.0 MeV
(A < 40 u); 390.0± 78.0 MeV (40 ≤ A ≤ 120 u); 264.0± 53.0 MeV (A ≥ 131 u). One can assume that a few sources
having different excitations and can take part in the formation of residual nuclei: the lighter nuclides require the
largest excitation energy for their formation. The reaction residues in the mass range of 40 ≤ A ≤ 120 u have about
the same excitation energy, indicating that fission and probably (multi)fragmentation processes take place in the same
excitation energy regime. An evidence of a fission process contribution at this mass range has been confirmed by a
number of other experiments [9, 85]. On the other hand, the contribution from the (multi)fragmentation process in the
same mass range is also present [95]. Actually, the mass yields of both processes overlap and we cannot clearly isolate
the fission process from (multi)fragmentation. As shown in recent work of Napolitani et al. [90], in the vicinity of the
(multi)fragmentation threshold, both the fission and (multi)fragmentation processes can contribute to the formation
of the residue in this mass range. Fragment with masses A ≥ 131 u connected to the spallation-evaporation process
have excitation energy smaller than fission and (multi)fragmentation products. Obtained data on the excitation
energy, E∗, allow us to suggest the existence of a different sources in the formation of the reaction residues in this
deuteron-induced reaction.
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5 Concluding remarks and outlook
We intend to continue the fission and spallation investigations of pre-actinide and actinide nuclei as well as to do
such special nuclear reaction measurements as detection of high-spin isomers at intermediate- and high-energies of
projectile. Such type of calculation we intend to do soon, for the reaction induced by deuterons at high energies with
gold and lead isotopes. We plan to deeper investigate the fission of pre-actinide nuclei. In the study of fission of
pre-actinide nuclei based on the fission-fragment mass and energy distributions, [96] the asymmetric component has
been observed in the mass distribution of the fission fragments in the reactions with α-particles and protons at low
excitation energies. The boundaries of validity of the hypothesis of two distinct fission modes have been estimated at
200 ≤ Af ≤ 232 and 82 ≤ Zf ≤ 92, where Zf is number of the fissioning nucleus.
The study of reaction mechanism concerning the transition between complete (CF) and incomplete fusion (ICF)
processes is important in the view of understanding the interplay between such two dominant modes of the nuclear
interaction [97, 98]. Exactly such issue we would like to investigate in our further investigation using 197Au, 181Ta and
209Bi pre-actinides targets induced by 11B-ions at intermediate energy range. The study of the fission cross section
and the comparison with calculated data in the frame of different models can give hints about the probability of the
compound nucleus production and its suppression for the reason of the break up and incomplete fusion processes.
The investigation of the decay of weakly bound projectiles on the different components is very useful since it allows
to study of the breakup effect on the different reaction channels.
Future developments in the calculation by CRISP code concerning of the reaction mechanism may contribute to
a better prediction of the multichance fission process, spallation and (multi)fragmentation in wide range of incident
energy for different projectiles. So, we intend to modify the code by the inclusion of a new event generator responsible
for a nuclear reaction initialized by deuteron and assuming the small binding energy of the deuteron with further
development and implementation of heavier nuclei.
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FIG. 1: γ-spectrum from the irradiated 232Th sample at Eγmax = 50 MeV, the measurement time is 30 h.
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FIG. 2: Mass-yield distributuion of 238U photofission at end-point energy Eγmax = 50 MeV [19]. S mode indicated as dash-
dotted curve, S1 as dotted curve, and S2 as open circles. The total fission yield is represented by the solid curve and experimental
data are solid squares, respectively.
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FIG. 3: Mass-yield distributuion of 232Th photofission at end-point energy Eγmax = 50 MeV [20]. S mode indicated as
dash-dotted curve, S1 as dotted curve, and S2 as open circles. The total fission yield is represented by the solid curve and
experimental data are solid squares, respectively.
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FIG. 4: Mass-yield distributuion of 181Ta photofission at end-point energy Eγmax = 50 MeV [21]. The experimental data are
shown by the solid squares.
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FIG. 5: Mass-yield distributuion of 238U photofission at end-point energy Eγmax = 3500 MeV [19]. The notation for the yields
from low-energy fission is identical to that in Fig. 2. For high-energy fission, the closed circles and dashed curve indicate the
additional asymmetric and symmetric modes, respectively.
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FIG. 6: Mass-yield distributuion of 232Th photofission at end-point energy Eγmax = 3500 MeV [20].The notation for the yields
from low-energy fission is identical to that in Fig. 3. For high-energy fission, the closed circles and dashed curve indicate the
additional asymmetric and symmetric modes, respectively.
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FIG. 7: Mass-yield distributuion of 181Ta photofission at end-point energy Eγmax = 3500 MeV [21]. The experimental data
are shown by the solid squares.
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FIG. 8: Mass-yield distributuion of proton-induced fission of 241Am at the energy 660 MeV [27]. S mode indicated as closed
circles, S1 as open circles, and S2 as open triangles. The total fission yield is represented by the solid curve and experimental
data by solid circles, respectively.
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FIG. 9: Mass-yield distributuion of proton-induced fission of 238U at the energy 660 MeV [28]. S mode indicated as closed
circles, S1 as open circles, and S2 as open triangles. The total fission yield is represented by the solid curve and experimental
data by solid circles, respectively.
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FIG. 10: Mass-yield distributuion of proton-induced fission of 237Np at the energy 660 MeV [27]. S mode indicated as closed
circles, S1 as open circles, and S2 as open triangles. The total fission yield is represented by the solid curve and experimental
data by solid circles, respectively.
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TABLE I: Experimental values obtained for the mass-yield distributions of 238U, 232Th, and 181Ta in the interaction of
bremsstrahlung at 50 MeV and 3500 MeV [19–21]. The total fission yield (Ytot); the contribution of symmetric (YS) and
asymmetric (YAS) fission to the total mass-yield; the values of the asymmetric-to-symmetric ratios (YAS/YS).
Yield, mb/eq.q. 238U 232Th 181Ta
Emax = 50 MeV Emax = 3500 MeV Emax = 50 MeV Emax = 3500 MeV Emax = 50 MeV Emax = 3500 MeV
Ytot 131.6±19.5 250.1±37.5 40.2±6.0 137.5±20.6 0.0054±0.0011 0.77±0.11
YS 10.6±1.5 79.3±11.9 4.50±0.68 74.50±11.17 0.0054±0.0011 0.77±0.11
YAS 121.0±18 170.8±25.6 35.70±5.36 63.0±9.45 – –
YAS/YS 11.41±1.71 2.16±0.4 7.93±1.59 0.84±0.17 – –
TABLE II: Experimental values obtained for the mass-yield distributions of 241Am, 238U and 237Np in the interaction of 660
MeV protons [27, 28]. The total fission cross section (σtot); the contribution of symmetric (σS) and asymmetric (σAS) fission
to the total mass-yield; the values of the asymmetric-to-symmetric ratios (σS/σAS).
Target Cross section, mb σS/σAS
σtot σS σAS
241Am 1763.7±265.0 1487.7±223.0 276.0±41.0 5.4±1.0
238U 1226.5±183.9 698.3±104.7 528.2±79.2 1.3±0.2
237Np 1600.2±240.0 1298.0±195.0 302.2±45.0 4.3±1.0
TABLE III: Experimental and calculation values of IR and angular momentum (B¯) obtained in photofission of 238U and 232Th
at end-point energy Eγmax = 50 MeV [60].
Element State 238U 232Th
(Yh/Yl)exp (Yh/Yl)cal B(~) (Yh/Yl)exp (Yh/Yl)cal B¯(~)
85Sr g((9/2)+) 0.60±0.09 0.57±0.2 2.4±0.5 0.26±0.04 0.24±0.06 2.5±0.4
m((1/2)+)
91Y g((1/2)−) 0.69±0.15 0.72±0.30 2.6±0.3 – – –
m((1/2)+)
95Nb g((9/2)+) 0.50±0.09 0.49±0.15 2.3±0.4 0.46±0.08 0.51±0.08 3.0±0.5
m((1/2)−)
95Tc g((9/2)+) 0.77±0.12 0.72±0.30 2.6±0.3 0.51±0.09 0.60±0.09 2.8±0.4
m((1/2)−)
96Tc g(7+) 0.37±0.11 0.39±0.10 4.9±0.2 – – –
m(4+)
104Ag g(5+) 1.27±0.2 1.34±0.30 5.3±0.2 – – –
m(2+)
120I g(2+) 2.80±0.70 2.60±0.39 5.8±0.9 1.60±0.32 1.61±0.40 6.4±1.3
m((4−−8)+)
121Te g((1/2)+) 1.43±0.30 1.35±0.18 4.2±0.5 1.04±0.19 1.16±0.23 4.3±0.9
m((11/2)−)
131Te g((3/2)+) 1.36±0.20 1.39±0.30 4.0±0.7 1.29±0.23 1.31±0.22 4.7±0.8
m((11/2)−) 1.08±0.25 [31] 4.1±1.5 [31]
1.38±0.21 [52] 5.1±0.4 [52]
132I g(4+) 1.21±0.24 1.2±0.14 7.2±0.2 1.31±0.24 1.60±0.32 7.5±1.5
m(8−) 1.08±0.13 [31] 6.9±1.4 [31]
148Pm g(1−) 2.82±0.85 3.02±0.60 7.5±1.5 2.27±0.60 2.21±0.44 7.8±1.6
m(6−) 2.6±0.9 [59] 10.0±2.5 [59]
24
32 34 36 38 40
0,0
0,2
0,4
0,6
0,8
1,0
232
Th+
232
Th+
238
U+
238
U+
238
U+p
237
Np+p
 
 
D
Z
2
/A
241
Am+p
 
 
 
 
 
 
FIG. 11: Fissility, D, as a function of Z2/A for p+237Np (solid triangle), p+238U (solid circles), p+241Am (solid asterisks) at
660 MeV [27, 28], and γ+238U (open circles) and γ+232Th (open triangles) at Eγmax = 50 MeV and 3500 MeV[19, 20]. The
solid line is to guide the eye through the experimental points.
FIG. 12: Dependence of fissility, D, for 241Am, 238U, 237Np and 232Th targets for photo- and proton-induced fission [19, 20, 27,
28] on the excitation energy of fissioning nucleus E∗. Calculations from [30]: solid curve is 237 and 237Np, dashed curve is 238U,
dash-dot curve is 232Th. Experimental points: data for 241Am and 237Np indicated as solid asterisks ([27]), 238U indicated as
solid circles ([19, 28]), 232Th indicated as solid triangles ([20]). Open asterisks, circles and squares are the systematization of
experimental data for 241Am/237Np, 238U and 232Th, respectively, from [30].
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a) b)
c) d)
FIG. 13: Mass-yield distributuion of photofission for 238U (a, c) and 232Th (b, d) at end-point energies Eγmax = 50 MeV (a,
b) and 3500 MeV (c, d). The experimental isobaric cross sections are shown by the solid squares. The solid line is the result
of a CRISP calculation [32].
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c)
FIG. 14: Mass-yield distributuion of proton-induced fission for 241Am (a), 238U (b) and 237Np (c) at 660 MeV. The experimental
isobaric cross sections are shown by the solid squares. The solid line is the result of a CRISP calculation [33].
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FIG. 15: Mass-yield distributuion of proton-induced fission for 238U (a) and 237Np (b) at 660 MeV. Experimental data for
isobaric cross sections are taken from [27, 28, 34] (solid squares). The solid line is the result of a CRISP calculation [34].
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 FIG. 16: Dependence of isomer ratios (Yh/Yl) on fragments mass A from
238U (a) and 232Th (b) targets at end-point energies
Eγmax = 50 MeV (solid circles) and 3500 MeV (open circles) [60].
FIG. 17: Fission-product mass yields from 245 MeV 7Li-induced fission on natPb: the total fission cross section (thick black
continuous curve), experimental data are shown by the solid square symbol [79, 80].
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FIG. 18: Mass-yield distribution of the isobars produced by the 4.4 GeV deuteron-induced reaction on 197Au [83]. The solid
line shows the general trend of the isobaric cross sections of the reaction fragments, experimental data are shown by the solid
square symbol.
FIG. 19: The longitudinal cascade velocity, v‖, as a function of the fragment mass number, A, for the 4.4 GeV deuteron-induced
reaction on 197Au [84].
